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Carbon-supported  Co(OH)2  and  Ni(OH)2  catalysts  are  prepared  to  examine  the  mechanism  of  oxygen 
reduction  reaction  (ORR)  on  hydroxide  catalysts.  ORR  via  the  4-electron  transfer  pathway  on  a  hydroxide 
undergoes  oxidation  of  hydroxide  by  02  to  form  oxyhydroxide,  followed  by  electrochemical  reaction  of 
oxyhydroxide  to  regain  hydroxide.  (3-Ni(OH)2  has  the  same  crystal  structure  and  lattice  parameters  as 
(3-Co(OH)2,  but  it  exhibits  a  poorer  catalytic  activity  toward  ORR  than  (3-Co(OH)2  at  a  low  temperature. 
The  poor  catalytic  activity  of  Ni(OH)2/C  can  be  attributed  to  the  difficulty  in  Ni(OH)2  oxidation  and  the 
slow  kinetics  of  NiOOH  electroreduction  to  Ni(OH)2.  The  catalytic  activity  of  the  Ni(OH)2/C  catalyst  is 
significantly  improved  through  elevating  the  operation  temperature  because  Ni(OH)2  oxidation  to  NiOOH 
and  NiOOH  electroreduction  are  improved  at  a  high  temperature.  A  model  of  ORR  via  the  4-electron 
transfer  pathway  on  transition  metal  hydroxides  is  suggested  and  discussed. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  are  energy  conversion  instruments  by  which  the 
chemical  energy  in  various  fuels  is  converted  to  electricity  with 
high  efficiency.  During  cell  operation,  fuel  is  oxidized  at  the  anode 
side,  and  oxygen  is  reduced  at  the  cathode  side.  The  cell  perfor¬ 
mance  is  highly  dependent  on  cathode  polarization  related  to  the 
oxygen  reduction  reaction  (ORR)  on  the  cathode  catalyst. 

Pt  exists  in  metallic  form  during  fuel  cell  operation.  It  is  the  best 
cathode  catalyst  for  ORR  due  to  its  excellent  electrocatalytic  activity 
and  electrical  conductivity.  However,  the  scarcity  of  Pt  in  resources 
is  a  major  problem  in  the  application  of  fuel  cells,  especially  those 
operating  at  a  low  temperature.  Therefore,  the  development  of 
alternative  catalysts  is  one  of  the  critical  issues  in  fuel  cell  tech¬ 
nologies  [1,2]. 

Cyclic  organic  compounds  [2];  non-platinum  metals  such  as  Cu 
[3],  Ni  [4],  Ag  [5,6],  Co  [7-10],  or  bimetallic  catalysts  [11];  and 
cobalt  compounds  such  as  LaCo03  [12],  cobalt  hydroxide  [13,14] 
and  nitrides  [15]  have  been  used  as  catalysts  for  ORR.  Beck  [16] 
found  that  transition  metal  cations  with  a  low  chemical  valence 
in  metallophthalocyanines  are  oxidized  when  O2  is  adsorbed  on 
cations  M(II),  and  then  molecular  02  is  partially  reduced  to  the 
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superoxide  state  during  ORR  as  shown  in  the  following: 

M(II)  +  02=  [M(III)-02]-  (1) 

[M(III)— 02]-  +  e_  ->  M(II)  +  intermediates  (2) 

The  potential  of  the  M(III)/M(II)  redox  couple  is  an  important 
parameter  in  determining  electrocatalytic  activity  toward  ORR  on 
metallophthalocyanine  catalysts  [17].  The  more  positive  the  poten¬ 
tial  of  the  M(III)/M(II)  redox  couple,  the  higher  the  electrocatalytic 
activity  of  the  catalyst  [18].  Wass  et  al.  [19]  studied  the  ORR 
mechanism  on  Co(OH)2,  suggesting  a  redox  cycle  via  a  2-electron 
transfer  pathway  of  oxygen  electroreduction  to  hydrogen  peroxide 
on  Co(OH)2.  However,  the  mechanism  of  ORR  on  hydroxides  via  a 
4-electron  transfer  pathway  has  not  been  elucidated. 

To  examine  the  effect  of  oxyhydroxide  formation  on  the  electro¬ 
catalytic  activity  of  hydroxides  toward  ORR,  cobalt  hydroxide  and 
nickel  hydroxide  are  selected  as  target  samples.  Cobalt  and  nickel 
hydroxides  have  similar  general  chemical  properties  but  exhibit 
distinct  redox  potentials  as  follows: 

Co(OH)2  +  OH-=  CoOOH  +  H20  +  e“  E°  =  0.17  Vvs. SHE  (3) 
Ni(OH)2  +  OH-=  NiOOH  +  H20  +  e"  E°  =  0.52  Vvs. SHE  (4) 

Based  on  material  characterizations  and  electrochemical  eval¬ 
uations,  the  ORR  mechanism  on  transition  hydroxide  catalysts  is 
suggested  and  discussed  in  this  work. 
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Fig.  1.  (a)  XRD  patterns  of  synthesized  Co(OH)2/C  and  Ni(OH)2/C  catalysts,  and  (b)  corresponding  schematic  structure  of  the  hydroxides. 


2.  Experimental  details 

The  carbon-supported  Co(OH)2  (Co(OH)2/C)  and  Ni(OH)2 
(Ni(OH)2/C)  catalysts  were  prepared  by  chemical  deposition 
method.  To  a  carbon  dispersion  solution  (60  mL)  containing  2.7  g  of 
activated  carbon  (BP2000  from  Cabot  Corp.),  1 5  mL  of  NiCl2  or  CoCl2 
solution  (0.36  mol  L-1 )  was  added.  After  stirring  the  above  mixture 
at  80  °C  for  30  min,  300  mL  of  the  NaOH  solution  (0.03  mol  L-1 )  was 
added  at  a  rate  of  20  mL  min-1  with  a  peristaltic  pump.  The  applied 
catalysts  were  then  obtained  by  drying  at  90  °C  for  12  h  under  a 
vacuum  after  filtering  and  washing  with  warm  de-ionized  water. 
The  content  of  Ni(OH)2  or  Co(OH)2  in  the  carbon  supported  catalyst 
was  measured  to  be  15  wt.%. 

The  catalyst  structure  was  identified  by  X-ray  diffraction  (XRD) 
with  a  Rigaku  D/MAX-2550-PC  X-ray  diffractometer  using  Cu  Ka 
radiation  (A,  =  1.54059  A,  operated  at  40  kV,  250  mA).  Catalyst  mor¬ 
phology  was  observed  with  a  JEM-2010  transmission  electron 
microscope  (TEM).  The  chemical  valence  states  of  Ni  or  Co  in  the 
catalyst  surface  layer  were  identified  by  X-ray  photoemission  spec¬ 
troscopy  (XPS)  (Kratos  AXIS  Ultra  DLD).Cyclic  voltammetry  tests 
were  conducted  with  a  Zahner  IM6  electrochemical  workstation 
using  a  BASi  RDE2  rotating  disk  electrode  (RDE,  3  mm  in  diameter). 
A  piece  of  Pt  wire  was  used  as  the  counter  electrode,  and  an  Hg/6  M 
KOH/HgO  electrode  was  used  as  the  reference  electrode  connecting 
to  the  cell  with  a  salt  bridge.  The  potential  of  the  Hg/HgO/1  M  KOH 
electrode  is  +0.098  V  vs.  the  reversible  hydrogen  electrode  (RHE)  in 
basic  solution.  The  potentials  vs.  RHE  can  be  calculated  using  the 
following  relation: 

E(Vvs.RHE)  =  £(Vvs.Hg/HgO/6  MKOH)  +  0.037 

+  0.0591  xpHat25°C  (5) 

where  0.037  is  the  potential  of  Hg/HgO/6M  KOH  electrode  vs. 
SHE  at  25  °C,  and  0.0591  is  obtained  from  2.303 RTjnF  according 
to  the  Hg/HgO/6  M  KOH  reference  electrode.  pH  value  is  measured 
by  a  pH  meter.  All  potential  values  are  expressed  in  potential  vs. 
Hg/HgO/6  M  KOH  reference  electrode.  The  working  electrode  was 
prepared  as  follows.  Ten  milligrams  of  the  catalyst  was  ultrason- 
ically  mixed  with  0.1  mL  of  Nation  solution  (5  wt.%)  and  1.5  mL  of 
ethanol  to  form  a  homogeneous  ink.  Then  the  ink  was  pipetted 
onto  the  pretreated  glassy  carbon  (GC)  electrode  and  dried  at  room 
temperature.  All  CV  curves  were  measured  in  1  M  NaOH  solution. 

A  single  cell  with  an  active  area  of  6  cm2  was  assembled  to 
evaluate  cathode  polarization.  The  cell  configuration  was  the  same 
as  described  in  our  previous  paper  [20].  The  cathode  was  pre¬ 
pared  by  coating  a  catalyst  slurry  containing  a  catalyst,  Nation 


solution  (5  wt.%),  ethanol,  and  de-ionized  water  with  a  mass  ratio 
of  1:7:3:3  onto  a  piece  of  hydrophobic  carbon  cloth.  The  anode 
preparation  and  Nation  117  membrane  pretreatment  have  been 
described  elsewhere  [9].  An  alkaline  NaBH4  solution  containing 
NaBH4  (5  wt.%)  and  NaOH  (10 wt.%)  was  used  as  fuel  (anolyte). 
Polarization  behavior  was  evaluated  using  a  PFX-2011  battery 
tester  (Kikusui  Electronics  Corp.)  at  a  fuel  flow  rate  of  38  mLmin-1 
and  humidified  02  flow  rate  of  1.5  L min-1  at  20  or  60  °C  under 
1  atm.  An  Hg/HgO/6  M  KOH  electrode  was  used  as  the  reference 
electrode  connecting  to  the  anolyte  (alkaline  NaBH4  solution)  with 
a  salt  bridge. 


3.  Results  and  discussion 

3.1.  Catalyst  characterizations 

Fig.  1  shows  the  XRD  patterns  of  the  as-prepared  Co(OH)2/C  and 
Ni(OH)2/C  catalysts,  indicating  that  the  Co(OH)2/C  catalyst  consists 
of  carbon  and  |3-Co(OH)2,  and  the  Ni(OH)2/C  catalyst  consists  of 
carbon  and  |3-Ni(OH)2.  |3-Co(OH)2  and  |3-Ni(OH)2  have  the  same 
hexagonal  closest-packed  (HCP)  structure  with  the  same  lattice 
parameters  as  illustrated  in  Fig.  1  (b).  The  nano  ribbons  of  |3-Ni(OH)2 
and  |3-Co(OH)2  are  similar  in  size  and  shape  as  shown  in  the  TEM 
observations  in  Fig.  2.  Their  high-resolution  transmission  electron 
microscopy  (HRTEM)  images  indicate  that  both  (3-Ni(OH)2  and 
|3-Co(OH)2  have  the  same  (001)  interplanar  spacing  of  0.46 nm, 
which  agrees  well  with  the  XRD  results. 

Fig.  3  shows  the  cathode  polarization  in  a  direct  borohydride 
fuel  cell  (DBFC)  using  Ni(OH)2/C  or  Co(OH)2/C  as  the  cathode  cat¬ 
alyst  under  an  operation  current  density  of  40  mA cm-2  at  20  °C. 
DBFCs  use  alkaline  borohydride  solutions  as  fuel  [20].  Unlike  the 
Co(OH)2/C  cathode,  the  Ni(OH)2/C  cathode  exhibits  an  unstable 
polarization  behavior.  The  XRD  patterns  of  the  Co(OH)2/C  and 
Ni(OH)2/C  catalysts  after  use  are  illustrated  in  Fig.  4.  For  the 
Co(OH)2/C  catalyst,  the  fingerprint  diffraction  peak  of  |3-Co(OH)2 
at  32.4°  in  20  (corresponding  to  (10  0)  planes)  disappears  after 
use.  The  XRD  pattern  matches  the  JCPDS  (72-2280)  file,  identifying 
the  existence  of  |3-CoOOH.  However,  only  a  small  XRD  peak  iden¬ 
tified  as  |3-NiOOH  in  Fig.  4(b)  appears  for  the  Ni(OH)2/C  catalyst 
after  use,  indicating  that  only  a  small  portion  of  nickel  hydrox¬ 
ide  has  been  converted  to  nickel  oxyhydroxide.  Fig.  5  shows  the 
HRTEM  images  of  the  Co(OH)2/C  and  Ni(OH)2/C  catalysts  after  use 
at  20  °C.  The  interplanar  spacing  of  0.42  nm  [in  Fig.  5(a)]  refers  to 
the  existence  of  |3-CoOOH  in  the  Co(OH)2/C  catalyst.  The  inter¬ 
planar  spacing  of  0.48  nm  [in  Fig.  5(b)]  refers  to  the  existence  of 


4974 


Z.X.  Liu  et  al.  /  Journal  of  Power  Sources  196  (2011)  4972-4979 


Co(OH)2/C  Ni(OH)2/C 

Fig.  2.  TEM  images  of  the  as-prepared  Co(OH)2/C  and  Ni(OH)2/C  catalysts. 


Fig.  3.  Polarization  behavior  of  the  cathode  using  Co(OH)2/C  or  Ni(OH)2/C  as  the  cat¬ 
alyst  in  the  DBFC  at  20  °C.  Anode:  Zr-Ni  alloy/Ni/Pd/C,  catalyst  loading:  10  mg  cm-2. 
Anolyte:  5wt.%  of  NaBH4,  10wt.%  of  NaOH,  pH  14.19.  Cathode:  catalyst  loading: 

5  mg  cm-2,  humidified  02  at  a  flow  rate  of  1 .5  L  min-1 .  Both  anode  and  cathode  area: 

6  cm2.  Reference  electrode:  Hg/HgO/6M  KOH. 


p-NiOOH  in  the  p-Ni(OH)2  crystal  of  the  Ni(OH)2/C  catalyst  after 
use.  Therefore,  most  of  p-Co(OH)2  is  converted  to  p-CoOOH  in  the 
Co(OH)2/C  catalyst,  but  only  a  small  amount  of  p-Ni(OH)2  is  con¬ 
verted  to  p-NiOOH  in  the  Ni(OH)2/C  catalyst  during  ORR  occurrence 
at  20  °C. 

3.2.  Electrochemical  evaluations 

To  understand  the  relationship  of  electrocatalytic  activity  and 
oxyhydroxide  formation  during  ORR,  cyclic  voltammetry  (CV)  mea¬ 
surements  of  the  Ni(OH)2/C  and  Co(OH)2/C  electrodes  were  carried 
out  in  NaOH  solution  saturated  with  Ar  or  02.  Before  each  CV 
measurement,  cyclic  potential  sweeps  between  -0.3  and  0  V  in 
Ar-saturated  NaOH  solution  were  conducted  to  ensure  that  the 
test  catalysts  exist  in  hydroxide  form  rather  than  in  oxyhydroxide 
form. 

3.2.1.  ORR  on  Co(OH)2/C 

Fig.  6(a)  shows  the  CVs  using  the  Co(OH)2/C-GC  electrodes 
with  different  Co(OH)2  contents  in  the  Ar-saturated  NaOH  solu¬ 
tion  (1  M).  The  cathodic  current  peak  area  at  -0.1  V  increases  with 
an  increase  in  Co(OH)2  content  in  the  electrode.  As  pointed  out  by 
Pralong  [21  ],  CoOOH  can  be  obtained  through  the  electrooxidation 
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20  /degree  20  /degree 

Fig.  4.  XRD  patterns  of  (a)  Co(OH)2/C  and  (b)  Ni(OH)2/C  (1)  before  and  (2)  after  use. 


Fig.  5.  HRTEM  images  of  the  Co(OH)2/C  and  Ni(OH)2/C  catalysts  after  use  at  20  °C. 


reaction  of  Co(OH)2.  Therefore,  the  cathodic  current  at  -0.1  V  vs. 
Hg/HgO  is  caused  by  the  electroreduction  of  CoOOH  formed  during 
the  anodic  process  of  CV  based  on  reaction  (3). 

The  cyclic  voltammograms  of  the  Co(OH)2/C  modified  glassy- 
carbon  electrode  in  the  NaOH  solutions  saturated  with  Ar  or  02 
were  measured  with  different  switching  potentials  (from  0.2  to 
0.4  V),  as  shown  in  Fig.  7(a).  The  cathodic  peak  area  (at  -0.1  V)  mea¬ 


sured  in  the  02-saturated  NaOH  solution  was  obviously  larger  than 
that  measured  in  the  Ar-saturated  NaOH  solution.  The  linear  sweep 
voltammograms  of  the  Co(OH)2/C  electrode  in  the  NaOH  solution 
bubbled  with  02  for  different  time  periods  were  recorded  as  shown 
in  Fig.  8(a).  The  cathodic  peak  current  increased  with  an  increase 
in  02  bubbling  time.  These  results  indicated  that  ORR  occurs  at  the 
same  potential  as  CoOOH  electroreduction. 


g _ i _ i _ i _ i _ i _ i _ i _ i _ i _ i _ 

-0.4  -0.3  -0.2  -0.1  0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7 


Potential  /V  vs.  Hg/HgO 


Fig.  6.  Cyclic  voltammograms  of  (a)  Co(OH)2/C  and  (b)  Ni(OH)2/C  modified  glassy-carbon  electrodes  with  different  hydroxide  contents  at  a  scan  rate  of  lOrnVs-1  in  Ar- 
saturated  NaOH  solution  (1  M,  pH  13.78)  at  20  °C.  Electrode  area:  0.07  cm2.  Reference  electrode:  Hg/HgO/6M  KOH. 


4976 


Z.X.  Liu  et  al.  /  Journal  of  Power  Sources  196(2011)  4972-4979 


I: 


1.2V  in  NaOH(Ar) 
1.3V  in  NaOH(Ar) 
1.4V  in  NaOH(Ar) 


II  III 


r|s=0.2V  in  Na0H(02) 
ns=0.3V  in  NaOH(CL) 
r|s=0.4V  in  NaOH(02) 


-0.2  -0.1  0  0.1  0.2  0.3 

Potential  /V  vs.  Hg/HgO 


I:  r|s=0.4V  in  NaOH(Ar) 
0.6 1-  II:  r|s=0.5V  in  NaOH(Ar) 
1:  tis=0.6V  in  NaOH(Ar) 


I,  II,  III 


IV,  V,  VI 


III,  VI 


I,  IV 


(b) 


IV:  r|s=0.4V  in  NaOH(02) 
V:  r|s=0.5V  in  NaOH(O^) 
VI:  n$=0  6y  in  NaOH)Q2) 


0.5 


-0.4  -0.3  -0.2  -0.1  0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.1 

Potential  /V  vs.  Hg/HgO 


—  In  Ar  saturated  NaOH  solution  (I,  II,  III)  —  In  02  saturated  NaOH  solution  (IV,  V,  VI) 


Fig.  7.  Cyclic  voltammograms  of  (a)  Co(OH)2/C  and  (b)  Ni(OH)2/C  modified  glassy-carbon  electrode  at  a  scan  rate  of  lOrnVs-1  in  Ar  or  02  saturated  NaOH  solutions  [1  M 
NaOH(Ar)  or  NaOH(02),  pH  13.78],  with  different  switching  potentials  (ijs)  at  20°C.  Catalyst  loading:  2  mg  cm-2.  Electrode  area:  0.07  cm2.  Reference  electrode:  Hg/HgO/6M 
KOH. 


Fig.  8.  Cathodic  potential-current  relationship  of  (a)  Co(OH)2/C  and  (b)  Ni(OH)2  modified  glassy-carbon  electrodes  in  NaOH  solution  (1  M,  pH  13.78)  bubbled  with  02  for 
different  time  periods  at  20  °C.  Scan  rate:  lOrnVs-1.  Catalyst  loading:  5  mg  cm-2.  Electrode  area:  0.07  cm2.  Reference  electrode:  Hg/HgO/6M  KOH. 


There  was  a  certain  increase  in  anodic  current  in  the  anodic 
process  of  CV  measurements  in  the  NaOH  solution  saturated  with 
02  rather  than  Ar.  This  implied  that  something  was  formed  during 
ORR  in  the  cathodic  process  of  CV  measurement,  and  the  formed 
substance  was  then  oxidized  in  the  following  anodic  process.  The 
2-electron  reduction  reaction  of  oxygen  on  Co(OH  )2/C  possibly  gen¬ 
erated  H202  according  to  Wass  et  al.’s  findings  [19].  The  anodic 
current  appearing  around  0  V  might  be  caused  by  H202  oxida¬ 
tion.  The  linear  sweep  voltammograms  of  the  Co(OH)2/C  modified 
glassy-carbon  electrode  in  the  NaOH  solutions  containing  different 
amounts  of  H202  were  recorded  as  shown  in  Fig.  9.  The  anodic 
behavior  of  the  Co(OH)2/C  electrode  in  the  Ar-saturated  NaOH 
solutions  containing  H202  was  similar  to  that  of  the  Co(OH)2/C 
electrode  in  the  02-saturated  NaOH  solution  as  shown  in  Fig.  7(a). 
The  anodic  current  increased  with  an  increase  in  H202  content  in 
the  Ar  saturated  NaOH  solutions.  Therefore,  the  ORR  on  Co(OH)2 
is  assumed  to  be  an  incomplete  4-electron-reaction,  and  H202  is 
formed  during  ORR. 

To  evaluate  the  number  of  electrons  for  ORR  on  Co(OH)2, 
voltammetry  measurements  using  rotating  disk  electrode  (RDE) 
were  performed.  The  number  (n)  of  transferred  electrons  for 
ORR  on  the  applied  catalysts  can  be  determined  through  the 
Koutecky-Levich  (K-L)  plots  as  follows  [22]: 

j-1  =  jk”1  +  {0.62nFCo2Do/23t;-1/6(Wi/2j“1  (6) 

where  j  is  the  measured  current  density,^  is  the  kinetic  current 
density,  n  is  the  number  of  electrons  transferred  per  02  molecule, 
and  F  is  the  Faraday  constant.  The  values  of  the  concentration  of 
02  (Co2),  the  diffusion  coefficient  (F>c>2)  of  02  in  0.1  M  KOH  solu¬ 
tion,  and  the  kinematic  viscosity  ( v )  of  0.1  M  KOH  solution  are 
1.15x1 0-3  M,  1 .95  x  1 0-5  cm2  s-1 ,  and  0.008977  cm2  s-1 ,  respec¬ 


tively  [22].  00  stands  for  the  rotation  rate  (rads-1).  K-L  plots  are 
obtained  from  the  RDE  voltammograms  in  0.1  M  KOH  solution  using 
the  limiting  currents  at  0.3,  0.4,  and  0.5  V  as  shown  in  the  inset  of 
Fig.  10(a)  because  no  data  can  be  cited  in  the  NaOH  solutions. 

From  the  slopes  of  the  K-L  plots,  the  values  of  n  for  ORR  on  the 
Co(OH)2/C  electrode  are  calculated  as  2.86, 2.94,  and  3.00  at  0.3, 0.4, 
and  0.5  V,  respectively.  The  number  of  electrons  exchanged  in  the 
02  reduction  reaction  on  the  Co(OH)2/C  catalyst  is  close  to  3.  This 
indicates  that  ORR  occurs  simultaneously  via  the  4-  and  2-electron 
transfer  pathways  on  the  Co(OH)2/C  catalyst. 


Fig.  9.  Anodic  potential-current  relationship  of  Co(OH)2/C  modified  glassy-carbon 
electrode  in  Ar-saturated  NaOH  solutions  (1  M,  pH  13.78)  containing  different  con¬ 
tents  of  H202  at  20  °C.  Scan  rate:  lOrnVs-1.  Catalyst  loading:  2  mg  cm-2.  Electrode 
area:  0.07  cm2.  Reference  electrode:  Hg/HgO/6M  KOH. 
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Potential  /  vs.  Hg/  HgO  Potential  /  vs.  Hg /  HgO 

Fig.  10.  RDE  voltammograms  obtained  from  (a)  Co(OH)2/C  and  (b)  Ni(OH)2/C  electrodes  in  the  02-saturated  KOH  solution  (0.1  M,  pH  12.93)  at  25  °C.  Scan  rate:  lOrnVs-1. 
The  inset  shows  Koutechy-Levich  plots  obtained  at  0.3,  0.4,  0.5  V.  Catalyst  loading:  2  mg  cm-2.  Electrode  area:  0.07  cm2.  Reference  electrode:  Hg/HgO/6M  KOH. 


Ramesh  [23  ]  studied  CoOOH  formation  through  various  Co(OH)2 
oxidation  methods.  (3-Co(OH)2  has  been  proven  to  oxidize  to  |3- 
CoOOH  by  dioxygen.  Co(OH)2  converts  to  CoOOH  during  ORR  as 
shown  in  Fig.  4(a),  and  ORR  occurs  at  the  same  potential  as  CoOOH 
reduction.  Therefore,  4-electron  ORR  occurs  on  Co(OH)2  through  a 
sequential  reaction  process  as  follows: 

(1)  Co(OH)2  reacts  with  02  to  form  CoOOH  through  the  following 
reaction: 

2Co(OH)2  +  Vt02  =  2CoOOH  +  H20  (7) 

(2)  CoOOH  converts  to  Co(OH)2  through  reaction  (3)  to  complete 
the  4-electron  ORR  process: 

2H20  +  02  +4e_  =  40H-  (8) 

In  fact,  reaction  (8)  is  the  stoichiometrical  combination  of  reac¬ 
tions  (3)  and  (7),  indicating  that  the  suggested  4-electron  ORR  route 
is  reasonable. 

3.2.2.  ORR  on  Ni(OH)2/C 

The  Ni(OH)2/C-GC  electrode  exhibits  a  larger  cathodic  current 
peak  area  at  0.49  V  when  the  electrode  contains  more  Ni(OH)2  as 
shown  in  the  cyclic  voltammograms  in  Fig.  6(b),  indicating  that 
NiOOH  electroreduction  reaction  occurs  at  0.49  V.  The  CVs  of  the 
Ni(OH)2/C-GC  electrode  in  the  NaOH  solutions  saturated  with  Ar 
and  02  are  shown  in  Fig.  7(b).  A  cathodic  peak  current  at  -0.15  V 
appears,  revealing  that  ORR  on  the  Ni(OH)2/C  catalyst  occurs  at 
a  lower  potential  than  that  on  the  Co(OH )2/C  catalyst.  The  small 
peak  of  ORR  on  Ni(OH)2/C  in  the  NaOH  solution  bubbled  with  02 
for  different  time  periods  also  indicates  that  the  catalytic  activity  of 
the  Ni(OH)2/C  catalyst  is  lower  than  that  of  the  Co(OH)2/C  catalyst, 
as  shown  in  Fig.  8(b).  From  the  slopes  of  the  K-L  plots  as  shown  in 
Fig.  1 0(b),  the  values  of  n  for  ORR  on  the  Ni(OH)2/C  electrode  are  cal¬ 
culated  to  be  3.54, 3.79, 4.1 3  at  0.3, 0.4,  and  0.5  V,  respectively.  The 
number  of  electrons  exchanged  in  ORR  on  the  Ni(OH)2/C  catalyst  is 
assumed  to  be  close  to  4. 

Fu  et  al.  [24]  examined  the  effect  of  oxidation  temperature  on 
nickel  hydroxide  formation.  They  found  that  NiOOH  can  be  formed 
at  a  high  temperature  (60  °C)  from  |3-Ni(OH)2,  but  only  a  very  small 
portion  of  the  hydroxide  was  converted  to  oxyhydroxide  at  lower 
temperatures.  The  XRD  results  [in  Fig.  4(b)]  agree  with  those  of  Fu. 
More  evidence  can  be  found  in  the  linear  sweep  voltammograms  as 
shown  in  Fig.  8(b).  If  a  considerable  amount  of  NiOOH  were  formed 
during  02  bubbling,  a  large  cathodic  current  of  NiOOH  at  the  start 


potential  of  sweep  (OV)  would  have  appeared.  However,  no  dis¬ 
tinct  cathodic  current  was  observed,  revealing  that  Ni(OH)2  was 
rather  difficult  to  oxidize  to  NiOOH  by  dioxygen  at  20 °C.  There¬ 
fore,  compared  with  the  Co(OH)2/C  catalyst,  the  Ni(OH)2/C  catalyst 
has  a  lower  content  of  oxyhydroxide  (NiOOH)  formed  during  ORR, 
which  is  considered  to  be  one  of  the  reasons  for  its  poor  catalytic 
activity  toward  ORR. 

3.2.3.  Temperature  effect 

Fig.  11  shows  the  cathode  polarization  behavior  of  Co(OH)2/C 
or  Ni(OH)2/C  in  a  DBFC  at  an  alternating  temperature  of  60  and 
20  °C.  The  operation  temperature  was  regulated  through  supply¬ 
ing  the  fuel  (alkaline  borohydride  solution)  and  humidified  02 
of  different  temperatures  so  that  the  cell  operation  temperature 
can  be  quickly  shifted  between  60  and  20  °C.  The  cathodes  using 
Co(OH )2/C  and  Ni(OH)2/C  exhibited  similar  polarization  behavior 
at  a  high  operation  temperature  (60  °C)  but  exhibited  a  distinct 


U 

c 


Fig.  11.  A  cathode  potential  comparison  of  the  DBFC  using  Ni(OH)2/C  and  Co(OH)2/C 
as  the  cathode  catalyst  at  alternating  temperature  of  60  °C  and  20  °C.  Anolyte:  5  wt.% 
of  NaBH4, 10  wt.%  of  NaOH,  pH  14.19.  Operation  current  density:  40  mA  cm-2.  Cata¬ 
lyst  loading:  10  mg  cnrr2.  Both  anode  and  cathode  area:  6  cm2.  Reference  electrode: 
Hg/HgO/6  M  KOH. 
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Fig.  12.  Cyclic  voltammograms  of  (a)  Co(OH)2/C  and  (b)  Ni(OH)2/C  modified  glassy-carbon  electrodes  at  a  scan  rate  of  10  mV  s-1  in  the  Ar-saturated  NaOH  solution  (1  M,  pH 
13.78)  at  20  °C  and  60  °C.  Catalyst  loading:  5  mg  cm-2.  Electrode  area:  0.07  cm2.  Reference  electrode:  Hg/HgO/6M  KOH. 


polarization  behavior  at  a  low  operation  one  (20  °C).  The  Ni(OH)2/C 
cathode  can  only  function  within  a  short  time  period.  However,  the 
performance  can  be  recovered  and  sustained  at  the  same  period  at 
20  °C  after  the  cell  was  operated  at  60  °C.  This  short  stable  perfor¬ 
mance  is  caused  by  the  electroreduction  of  NiOOH  formed  when 
the  cell  is  operated  at  60  °C.  The  poor  performance  after  the  elec¬ 
troreduction  of  NiOOH  to  Ni(OH)2  can  be  attributed  to  the  poor 
electrocatalytic  activity  of  Ni(OH)2  toward  ORR  as  mentioned  in 
Section  3.2.2. 

Notably,  the  operation  potential  of  the  Ni(OH)2/C  cathode  is  sig¬ 
nificantly  improved  after  elevating  the  cell  operation  temperature 
to  60  °C  as  shown  in  Fig.  1 1 .  A  simple  temperature  effect  on  the  cath¬ 
ode  performance  improvement  cannot  explain  this  phenomenon 
because  the  Co(OH)2/C  cathode  exhibits  only  a  mild  improvement 
in  operation  potential  when  the  operation  temperature  is  shifted 
from  20  to  60  °C. 

Fig.  12  represents  the  cyclic  voltammograms  of  the  Co(OH)2/C 
and  Ni(OH)2/C  modified  glassy-carbon  electrodes  in  Ar-saturated 
NaOH  solution  at  20  and  60  °C.  The  redox  reaction  kinetics  of  the 
Ni(OH)2/NiOOH  couple  is  significantly  improved  by  elevating  the 
temperature  as  shown  in  Fig.  12(b).  However,  the  Co(OH)2/C  elec¬ 
trode  exhibits  a  mild  improvement  in  redox  reaction  kinetics.  The 
effect  of  temperature  on  the  improvement  of  M(H)/M(III)  redox 
reaction  kinetics  is  coincident  with  that  on  the  improvement  of 
operation  potential  in  the  fuel  cell  as  shown  in  Fig.  11.  This  result 
reveals  that  the  redox  reaction  between  NiOOH  and  Ni(OH)2  plays 
an  important  role  in  ORR  on  the  Ni(OH)2/C  catalyst. 

Similar  to  the  Co(OH )2/C  catalyst,  the  suggested  ORR  route  in 
Section  3.2.1  is  also  suitable  for  the  Ni(OH)2/C  catalyst.  The  4- 
electron  ORR  occurs  on  Ni(OH)2  through  the  chemical  oxidation 
of  Ni(OH)2  to  NiOOH: 

2Ni(OH)2  +  V2O2  =  2NiOOH  +  H20  (9) 


and  then  NiOOH  is  electrooxidized  to  Ni(OH)2  based  on  reaction 
(4)  during  operation  at  a  higher  temperatures  (say,  60  °C),  so  that 
Ni(OH)2/C  exhibits  a  higher  operation  potential.  However,  Ni(OH)2 
is  difficult  to  oxidize  to  NiOOH  at  lower  temperatures  (say,  20  °C) 
according  to  the  XRD  results  as  shown  in  Fig.  4(b).  Furthermore, 
the  redox  reaction  of  NiOOH  to  Ni(OH)2  is  retarded  at  lower  tem¬ 
peratures.  As  a  result,  the  Ni(OH)2/C  catalyst  demonstrates  poor 
electrocatalytic  activity  toward  ORR  at  lower  temperatures. 


4.  Model  of  ORR  catalyzed  by  transition  metal  hydroxides 

According  to  the  experimental  results  and  discussion  on  the 
ORR  route  on  the  Co(OH)2/C  and  Ni(OH)2/C  catalysts,  the  ORR  on 
transition  metal  hydroxides  may  occur  simultaneously  via  the  2- 
and  4-electron  transfer  pathways.  The  4-electron  ORR  process  is 
related  to  the  redox  reaction  of  the  hydroxyl  group.  Fig.  13  shows 
the  XPS  spectra  of  the  Co(OH)2/C  and  Ni(OH)2/C  catalysts.  The 
top  surface  layer  of  these  catalysts  is  composed  of  a  hydroxide. 
This  is  understandable  because  ORR  occurs  at  potentials  lower 
than  those  of  CoOOH  and  NiOOH  electroreduction.  Based  on  the 
XRD  and  XPS  results  as  shown  in  Figs.  4  and  13,  oxyhydroxide 
can  be  deduced  to  exist  underneath  the  hydroxide  layer  of  the 
catalyst.  An  ORR  mechanism  via  the  4-electron  transfer  pathway 
on  the  carbon-supported  hydroxide  catalysts  is  summarized  in 
Fig.  14.  Oxyhydroxide  (MOOH)  accepts  electrons  through  the  car¬ 
bon  particles  from  the  external  circuit  to  convert  to  hydroxide. 
The  hydroxide  subsequently  supplies  electrons  to  the  oxygen  atom 
absorbed  on  the  M(OH)2  surface  layer  to  form  oxyhydroxide  again. 
Meanwhile,  OH-  ions  are  formed  to  complete  the  4-electron  ORR 
process. 

Electroreduction  reaction  occurs  with  the  use  of  metal  hydrox¬ 
ide  as  a  cathode  catalyst  in  fuel  cells.  Otherwise,  the  fuel  cell  cannot 
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Fig.  13.  Binding  energies  of  (a)  Co  in  the  Co(OH)2/C  and  (b)  Ni  in  the  Ni(OH)2/C  catalysts  before  and  after  use. 
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Fig.  14.  Proposed  redox  cycle  for  the  electrocatalytical  reduction  of  oxygen  to  OH- 
on  hydroxide. 


operate.  Only  the  metal  hydroxide  at  the  cathode  side  can  be  oxi¬ 
dized  by  oxygen  to  form  MOOH.  This  is  due  to  oxygen  being  the 
only  oxidant  existing  at  the  cathode  side.  As  a  result,  MOOH  elec¬ 
troreduction  reaction  occurs  during  fuel  cell  operation. 

According  to  the  suggested  mechanism  of  ORR  on  hydroxides, 
the  electrocatalytic  activity  of  transition  metal  hydroxides  toward 
ORR  is  considered  to  be  dependent  on  the  kinetics  of  the  electrore¬ 
duction  of  oxyhydroxide  to  hydroxide,  and  the  oxidation  kinetics  of 
hydroxide  by  oxygen.  Therefore,  the  improvement  in  electroreduc¬ 
tion  reaction  kinetics  of  a  redox  couple  and  the  oxidation  kinetics  of 
the  compound  with  a  lower  chemical  valence  of  the  metal  cation 
are  key  issues  in  the  development  of  transition  metal  hydroxide 
catalysts  with  high  electrocatalytic  activity  toward  ORR. 

5.  Conclusions 

ORR  occurs  via  4-electron  reaction  on  the  Ni(OH)2/C  catalyst, 
but  it  occurs  simultaneously  via  the  4-  and  2-electron  transfer  path¬ 
ways  on  the  Co(  OH  )2  /C  catalyst.  The  ORR  via  the  4-electron  transfer 
pathway  on  Co(OH)2/C  or  Ni(OH)2/C  undergoes  the  following  pro¬ 
cesses: 

(1)  oxidation  of  the  hydroxide  by  02  to  form  the  corresponding 
oxyhydroxide, 

(2)  electroreduction  of  the  oxyhydroxide  to  regain  the  hydroxide. 


Co(OH)2  and  Ni(OH)2  have  the  same  HCP  structure  and  lattice 
parameters,  but  they  exhibit  different  catalytic  activities  toward 
ORR  at  a  low  temperature.  The  poor  catalytic  activity  of  Ni(OH)2/C 
at  a  lower  temperature  can  be  attributed  to  the  difficulty  of 
Ni(OH)2  oxidation  by  02  and  the  slow  kinetics  of  NiOOH  elec¬ 
troreduction  to  Ni(OH)2.  The  catalytic  reactivity  of  the  Ni(OH)2/C 
catalyst  can  be  significantly  improved  by  elevating  the  opera¬ 
tion  temperature,  due  to  the  facts  that  NiOOH  is  easily  formed, 
and  the  kinetics  of  NiOOH  electroreduction  reaction  is  improved 
during  ORR. 
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